Abstract-Quantifying three-dimensional deformation of cells under mechanical load is relevant when studying cell deformation in relation to cellular functioning. Because most cells are anchorage dependent for normal functioning, it is desired to study cells in their attached configuration. This study reports new threedimensional morphometric measurements of cell deformation during stepwise compression experiments with a recently developed cell loading device. The device allows global, unconfined compression of individual, attached cells under optimal environmental conditions. Three-dimensional images of fluorescently stained myoblasts were recorded with confocal microscopy and analyzed with image restoration and three-dimensional image reconstruction software to quantify cell deformation. In response to compression, cell width, cross-sectional area, and surface area increased significantly with applied strain, whereas cell volume remained constant. Interestingly, the cell and the nucleus deformed perpendicular to the direction of actin filaments present along the long axis of the cell. This strongly suggests that this anisotropic deformation can be attributed to the preferred orientation of actin filaments. A shape factor was introduced to quantify the global shape of attached cells. The increase of this factor during compression reflected the anisotropic deformation of the cell.
INTRODUCTION
Many cells in mammalian organisms are permanently exposed to deformation. Cells are deformed by mechanical forces exerted by the external environment of the cell or generated by the internal cellular environment; a process that involves the conversion of chemical energy into mechanical energy.
The degree of cell deformation largely depends on the integrated internal structure of the cell and the connection of the cell to the external environment. 18, 35 Internal structures, including the cell nucleus, cytoplasm, cytoskeleton, membranes, and organelles, provide resistance to deformation. Alterations in one of those structures can lead to an increased or decreased resistance to deformation. Likewise, cell-cell and cell-matrix interactions also affect cell deformability. 39 For example, spreading of specific cell types causes an increased mechanical resistance to deformation, presumably due to structural reorganization of the cytoskeleton during this process. 11, 34 Deformation of cells is believed to influence their biochemistry, function, and structure. 40 To study the effects of cell deformation, several experimental techniques are available, applying deformations to either specific parts of the cell (local deformation) or to the cell as a whole (global deformation). Local deformation experiments include partial micropipette aspiration, 31 cell poking, 12 atomic force microscopy, 1 and magnetic bead cytometry. 38 Global deformation experiments include the use of microplates, 35 micromanipulation, 43 cytoindentation, 23 and complete micropipette aspiration. 28 The majority of these studies assume the shape of the cell to be spherical, axisymmetric or just consider a twodimensional cross-section of the cell. Consequently, cell deformation is assumed to be isotropic and quantified from alterations in cell volume, surface area, or shape factors, such as the ratio of cell diameters. 16, 22 Although these assumptions are valid for nonadherent cells, they are not appropriate for attached cells that are dependent on anchorage for normal functioning. 5 For example, many cell types that are allowed to spread, undergo growth and differentiation, whereas if they were constrained in a spherical form in culture, they would undergo either apoptosis or dedifferentiation. 10, 27 In vivo and in vitro most cells are spread, attaching to either the extracellular matrix or the culture substrate. Therefore, it is physiologically relevant to study the deformation of attached cells. Because these cells show a more irregular shape than cells in suspension, it is desirable to obtain three-dimensional images of the cell during deformation experiments.
Confocal laser scanning microscopy provides a way to obtain three-dimensional images of living cells by making optical sections through the depth of the cell. 13, 41 This technique has been successfully applied to study the deformation of chondrocytes and nuclei in articular cartilage explants. 15 However, the deformation of attached cells has never been investigated in three dimensions.
The present study aimed at quantifying the threedimensional deformation of single cells in their attached configuration. Single C2C12 mouse myoblasts attached to a culture substrate were deformed using a specially designed loading device for unconfined compression under optimal environmental conditions, comparable to those of a regular CO 2 incubator. 29 The width, height, cross-sectional area, surface area, and volume of the cell during compression were estimated by means of combining confocal laser scanning microscopy with custom developed processing software. To quantify cell shape, a shape factor was introduced, which describes the ratio of the two major principal axes of the attached cell.
MATERIALS AND METHODS

Cell Culture
The C2C12 mouse skeletal myoblast line (ECACC, Porton Down, UK) was used in this study. The myoblasts were cultured in growth medium consisting of Dulbecco's modified Eagle medium supplemented with 15% fetal calf serum, 1% nonessential amino acid solution, 20 mM HEPES and 0.5% gentamicine (all from Biochrom AG, Berlin, Germany). Cells were used at passages 10-14.
Cell Loading Device
Cells were compressed with a single cell loading device, which is shown in Fig. 1 and described in detail elsewhere. 29 To review briefly, the device consists of a stainless steel frame resting on a motorized stage of an inverted microscope (Axiovert 100M, Zeiss, Göttingen, Germany) with a confocal laser scanning unit (LSM 510, Zeiss, Göttingen, Germany). Cells were grown on a cover glass, which was inserted in the cell chamber (3-mm deep and 25-mm diameter) of the frame. Within the cell chamber of the device, the temperature (37 • C) and the level of CO 2 (5%) were controlled as to provide physiological culture conditions.
To compress a single cell, a glass indenter (0.48-mm diameter) having a flat surface with a diameter of 60 µm (Fig. 1, inset ) was used. The indenter was attached to a force transducer (model 406A, Aurora Scientific Inc., Ontario, Canada), which has a full scale range of 500 µN and a resolution of 10 nN. Forces imposed on the cell were measured and sampled, after a ten fold amplification, by a data-acquisition board (PCI-6052E, National Instruments, Austin, TX). Using a tilting table, the force transducer could be twisted around two axes in the horizontal plane at a maximum of 2
• . This ensures that the surface of the glass indenter was parallel with respect to the cover glass. The indenter was moved using three wide range (15 mm), low accuracy (100 nm) micromanipulators (M-111.DG, Physik Instrumente, Karlsruhe, Germany) and a small range (100 µm), high accuracy (5 nm) nanopositioning system with three piezo-actuators (Nanocube P-611, Physik Instrumente, Karlsruhe, Germany). The position of the micromanipulators and the piezo-actuators were controlled and recorded using a motor controller PC board (C-842, Physik Instrumente, Karlsruhe, Germany) and the dataacquisition board in a personal computer. Calibration of the piezo-actuators was carefully performed by the manufacturer and resulted in a displacement sensor sensitivity of 10 µm/V. Calibration of the force transducer was carried out by applying known weights to the hollow output tube of the transducer, resulting in a sensitivity of 5 µN/V. Compliance of the transducer was determined by compressing the indenter on a hard surface while simultaneously recording the position of the piezo-actuator and the force. This resulted in a compliance of 15 µm/mN.
Experimental Procedure
One day prior to the experiments, cells were seeded at subconfluent densities (10,000 cells/cm 2 ) on the cover glass within the stainless steel frame of the loading device. After allowing them to attach overnight, the cells were stained with 7.5 µM Cell Tracker Green (CTG, Molecular Probes, Leiden, the Netherlands), which stains the cytoplasm of the cells. Then, a cell was selected for compression and a complete stack of confocal images of the undeformed cell was recorded. The height of the cell was estimated using the imaging software of the microscope and the indenter was subsequently moved to the top of the cell. During the compression experiment, the indenter was lowered by 0.5 µm increments of axial displacement, followed by the recording of a stack of confocal images to visualize the complete deformed cell (Fig. 2) . The position of the piezo-actuators and the force were recorded continuously. The experiment was ended when the output of the force transducer reached its maximal value of 50 µN. In total, 14 cells were subjected to the compression test protocols.
For confocal imaging, the cell was visualized using a 40×, air, 0.95 numerical aperture objective (PlanApochromat, Zeiss, Göttingen, Germany). The CTG stain was excited using the Argon ion laser at 488 nm. To compensate for geometric distortion due to a mismatch in refractive index of the immersion medium (growth medium) and the objective medium (air), a linear z-correction factor of 1.33 was introduced. 8, 17, 37 Images were recorded with a pixel size of 0.22 × 0.22 µm 2 and a slice thickness of 0.4 µm. After the experiment, the confocal images were deconvolved using the Huygens System image restoration software (Scientific Volume Imaging BV, Hilversum, the Netherlands). A theoretical point spread function was calculated using electromagnetic diffraction theory, while deconvolution was carried out by a maximum likelihood based algorithm. 21 
Data Analysis
Each stack of confocal images was analyzed with the aid of a custom software program in Matlab (The Mathworks, Natick, MA). All images were smoothed by a 2D median filter. To define the cell boundary, the images were thresholded using a full width half maximum threshold as adopted in previous studies. 6, 22, 24 The cell volume (V ) was calculated by summing all relevant voxels and multiplying them by the voxel size. Relevant voxels were defined as those with a value of 1 and thus considered to be part of the cell. A three-dimensional reconstruction of the cell was created using the iso-surface method as implemented in Matlab. This routine forms a triangulation of the volume set and represents the object as a series of linked triangles. The surface area of the cell (SA) was then calculated by summing the areas of all triangles. The height of the cell (H ) was calculated as an average of the height in a userdefined area at the top of the cell. For each point in this area, all voxels in the axial plane were summed and multiplied with the axial sampling distance. Assuming the density of the cell to be constant, the center of mass of the cell was determined by averaging the x, y, and z coordinates of all relevant voxels. The mass moments of inertia matrix of the cell at each compression step was determined with respect to a translated cartesian coordinate system with its origin located at the center of mass of the cell. Solving an eigenvalue problem, the orientation of the three principal axes of inertia was determined. These axes represent the three axes of an ellipsoid, which best matches the shape of the cell. The magnitude of each axis of the ellipse is given by
in which λ i is the eigenvalue of the eigenvector representing the corresponding principal axis. Now, a shape factor κ 21 was defined as being the ratio between the magnitudes of the two major principal axes:
This shape factor is a unitless ratio that equals unity for a circle and diverges from unity for any other shape. It provides a measure to indicate the degree of deviation of a shape from circular (Fig. 3) . The width (W ) of the cell was determined along the second principal axis of the cell. The cross-sectional area ( A) of a slice through the center of mass of the cell was calculated by summing all relevant pixels and then multiplying this value by the pixel area. All geometric parameters obtained for each cell are summarized in Fig. 4 .
To assess the accuracy of the method, the analysis was performed on two mathematically defined shapes and on images obtained from measurements on fluorescent beads with known diameter. The measured geometric parameters appeared to deviate less than 7% from their theoretically determined values (Appendix). 
RESULTS
Orthogonal projections of a cell as recorded with confocal microscopy at six compression increments are shown in Fig. 5 . From these typical images, flattening of the cell due to compression can be observed. The final image [ Fig. 5 (F) ] shows the cell when the cell membrane has been totally ruptured and only a thin layer of cell debris was left over. From these images two major phenomena can be observed. First, it can be seen that the cell deforms more in the direction of the second principal axis (I 2 ) than the first principal axis (I 1 ). This phenomenon was observed in all compression experiments.
In addition, the nucleus of the cell also deforms more in the direction of the second principal axis than of the first principal axis. In Fig. 5(A) the nucleus has an elliptical shape, whereas in Fig. 5(E) , the nucleus adopts a more circular shape. This phenomenon was observed in all compression experiments when the nucleus was visible, which was the case in 70% of the experiments.
Deconvolution was applied to all confocal images. The effect of deconvolution was especially significant in the axial plane (XZ and YZ plane) of the images, which is shown in Fig. 6 .
The initial values of the measured geometric parameters of all 14 cells in the undeformed situation are given in Table 1 . In order to summarize the compression data, the changes as a percentage of the initial values for all geometric parameters and the shape factor were averaged for all cells and plotted against axial compression intervals of 10%. Only the data up to 50% axial deformation were taken into account, for at larger axial deformations the cells showed structural damage. The results of original and deconvolved images of compression experiments performed on the 14 cells are shown in Figs. 7 and 8 . At each compres- sion interval of 10%, difference from zero deformation for all geometric parameters and the shape factor was tested for statistical significance using a Student's t-test with a 0.05 level of significance. Cell width, area, and surface area all increased as a result of compression. There was also a slight increase in volume observed, although the volume increase was only statistically different from zero for the original images at the axial deformation of 45% [ Fig. 7(D) ]. After deconvolution, however, the volume increase was not statistically different from zero. The shape factor κ 21 increased as a result of compression, implying that the cells deformed anisotropically from an elliptical to a more circular shape. The percentage change of κ 21 was statistically significant from zero for each 10% increase in deformation up to 45% [ Fig. 8 (B) ].
DISCUSSION
In this study, the three-dimensional deformation of attached cells under compression was investigated and quantified using the width, area, surface area, and volume of the cell. In order to quantify cell shape and possible anisotropic deformations, a shape factor was calculated, describing the ratio between the two major principal axes of the cell. The use of confocal imaging and associated software allowed the three-dimensional quantification of cell deformation. Such a procedure obviated the need to make assumptions regarding the geometry of the cell. Cells were allowed to attach and spread for at least 16 h. In contrast, other studies examining cell deformation using confocal microscopy investigated nonattached C2C12 myoblasts and chondrocytes, which have a more or less spherical morphology. 6, 24 The large diameter of the indenter permitted the compression of the entire cell and not a part of the cell as in the case with other indentation techniques, such as atomic force microscopy 36, 42 or cell poking. 26, 30 Micropipette aspiration experiments also allow the deformation of the entire cell but are often only applied to suspended cells. 14, 28 Cells can be deformed entirely using microplate manipulation, 35 but this technique allows the cell to attach for a maximum of 4 h, which is insufficient for C2C12 myoblasts to fully spread. Indeed, extended incubation times for cell attachment caused migration of the cell toward the edge of the microplate. The shape factor used in this study describes the shape of an ellipse, which best matches the shape of the cell. Although the use of the shape factor is comparable to the deformation index used in other studies 6, 15, 22 and to the shape factor used to describe cell reshaping in epithelia, 7 it has considerable advantages over those previously reported. First, the derivation of the shape factor through calculation of the principal axes of inertia is a relatively straightforward automatic method and thus free of operator error. A deformation index will be difficult to define for attached cells with their irregular shapes. Secondly, the shape factor describes the overall shape of the cell, which makes this method suitable to describe shape changes on a global cell level and to compare the deformation behavior of several cells. 7 In addition, the shape factor is based on the two major principal axes of the cell and independent of the orientation of the cell on the cover glass.
Cell width, area, and surface area increased during compression (Fig. 7) . The increase of surface area is an apparent increase in the overall surface area, as the folds and ruffles in the cell membrane cannot be observed with confocal microscopy. 24 Furthermore, it should be noted that local membrane strains can be much larger than the overall measured membrane strain because the cells were able to deform mainly between the glass indenter and the cover glass.
At 45% axial deformation, a significant increase in cell volume was observed based on the nondeconvolved images. This increase might be the result of osmotic swelling due to malfunctioning pumps within the cell membrane. More likely, the volume increase can be attributed to the limited axial resolution of the confocal microscope, which is approximately 1.4 µm for the objective used in this study. 32, 37 The limited axial resolution mainly affects the measurements of cell height and volume and will result in an overestimation of the two parameters, which was also observed in the measurements of the fluorescent beads (Appendix). Of course this effect will become more pronounced at large axial deformations. The use of deconvolution compensates to a certain extent for this limited axial resolution, 20, 21 thereby reducing the overestimated height and volume of the cell. This can be observed in Fig. 7 in which the difference between the deconvolved and nondeconvolved data increased with axial deformation. Moreover, the volume increase based on the deconvolved images was never significantly different from zero. Another factor influencing the estimation of cell height and volume, is a mismatch in refractive index of the immersion medium (cell and growth medium) and the objective medium (air). To compensate for the resulting geometric distortion, a linear z-correction factor was introduced assuming a constant density. This assumption is valid for the measurements on homogeneous fluorescent beads, but not for cells. Therefore, future improvements on three-dimensional measurements of cell deformation will incorporate a z-correction factor depending on the location within the cell. This will require measurements of the refractive index distribution throughout the cell, which could be accomplished using optical coherence refractometry. 44 The shape factor κ 21 increased with axial compression, which was caused by a relative increase of I 2 (along the second principal axis) compared to I 1 (along the first principal axis). This can also be appreciated in Fig. 5 , showing that the cell deforms more in the direction of the second principal axis than the first principal axis. Thus, the cell deforms in an anisotropic way. This anisotropic deformation may be attributed to actin stress fibers that form connections between the focal adhesion points at the substrate and the remainder of the cell body. Actin fibers largely contribute to the resistance against deformation of cells and disruption results in a decreased mechanical stiffness. 30, 31 Visualization of actin fibers in fixed C2C12 cells stained with FITC-phalloidin revealed that they are predominantly orientated along the first principal axis of the cell [ Fig. 9  (A) ]. Because of the higher stiffness along the first principal axis as a result of the actin fibers, the cell deforms less in this direction [Figs. 9(B) and 9(C)]. If a cell does not have a preferred orientation of actin filaments, the deformation will probably be more or less isotropic. All cells examined in this study have a more or less elliptical shape and thus an orientated actin cytoskeleton. Notwithstanding these considerations, the importance of the actin cytoskeleton in determining anisotropic behavior could be further examined by compressing cells with and without actin stress fibers. At the same time, actin should be visualized during deformation of live cells using for example GFP-labelled (green fluorescent protein) actin.
It appears that this structural restriction to deformation is also applicable for the cell nucleus. Results suggest that the nucleus deformed more in the direction of the second principal axis than the first principal axis. This anisotropic deformation can be explained when considering a direct connection of the cytoskeleton to the nucleus [Figs. 9(B) and 9(C)]. Without this connection, the nucleus would deform isotropically as can be concluded from the nuclear structure, which shows no preferred fiber orientation. 33 Deformation of the nucleus during cell deformation has also been reported in chondrocytes in articular cartilage explants 15 and tenocytes in tendons. 2 Guilak 15 showed that the actin cytoskeleton plays an important role in the link between compression of the extracellular matrix and deformation of chondrocyte nuclei. Furthermore, other studies report direct connections of the cell membrane to the nucleus via the cytoskeleton and address mechanical signalling to a cytoskeletal-mediated deformation of the nucleus. 3, 4, 19, 38 In summary, the deformation of attached myoblasts under compression was characterized using a single cell loading device in conjunction with confocal microscopy. A significant increase in surface area was found as a result of cell compression. No significant change in volume was found. It was shown that the cell and the nucleus deformed perpendicular to the direction of the actin filaments that run predominantly along the long axis of the cell. This strongly suggests that this anisotropic deformation can be attributed to the preferred orientation of actin filaments.
In future studies, the developed technique and loading device can be used to examine the relationship between cellular deformations and their biomechanical response, reflected by mechanical, structural, and functional changes. Furthermore, the methodology and results described here will be valuable to study strain-induced cell damage as seen in mechanically induced clinical conditions, such as pressure ulcers or repetitive strain injuries.
APPENDIX
To validate the image analysis method, the analysis was performed on mathematically defined shapes (cube and sphere) and images obtained from measurements on fluorescent beads with known diameter (FocalCheck, Molecular probes, the Netherlands) (Fig. A1) . The mathematically defined cube had an edge length of 81 pixels and the sphere a diameter of 79 pixels. The fluorescent beads contain a green stain throughout and a red stain in a surface layer with a surface of less than 1 µm according to manufacturer specifications. For evaluation of the method, only the green stain of the bead was excited. To minimize refraction at the bead surface and thus prevent the relatively large bead acting as a lens, the beads were measured in immersion oil, which has almost the same refractive index as the fluorescent beads (1.52 compared to 1.56). A linear correction factor of 1.52 and a sampling density of 0.12 × 0.12 × 0.5 µm 3 was used. The values of the geometric parameters of 10 beads and model geometric solids estimated by the above-mentioned method are listed in Tables A1 and A2 . Furthermore, the percentage deviations of the measured values with the theoretical values are listed. The deviations for the fluorescent beads were calculated for each individual bead and subsequently averaged. The geometric parameters of the mathematical shapes were estimated within 4% deviation from the theoretical value, compared to 7% of the beads. An overestimation of approximately 6% of the height, volume, and surface area of the beads was observed. The estimates for the width and area of the beads were more accurate, resulting in an average percentage deviation of 2%. Using a Student's t-test with a 0.05 level of significance, it appeared that the mean values of the geometric parameters of the beads were never significantly different from the theoretically determined values. (e) and theoretical (t) values of the width (W in µm), height (H in µm), and crosssectional area (A in µm 2 ) of the model geometric solids and fluorescent beads (n = 10) (mean ± SD) .
